Availability:
pseudoneglect in this task does not depend on normal visual experience (Cattaneo et al., in press; Cattaneo, Fantino, Tinti, Silvanto, & Vecchi, 2010 ; for previous evidence, see Bradshaw, Nettleton, & Wilson, 1986; Coudereau, Gueguen, Pratte, & Sampaio, 2006; Sampaio, Gouarir, & Mvondo, 1995) . However, whether blind individuals also show pseudoneglect in bisecting numerical intervals has not been investigated.
Here, we addressed this issue by testing a group of congenitally blind individuals in a numerical bisection task. In line with evidence obtained with normally sighted individuals (see, e.g., Loftus et al., 2009; Longo & Lourenco, 2007) , one might expect blind individuals to show a consistent leftward bias in bisecting numerical intervals. However, recent evidence has suggested that normal vision may play a different role in the directional bias that emerges in line and numerical bisection tasks: In particular, it has been shown that individuals affected by amblyopia, a developmental disorder affecting spatial vision that results in poor uniocular vision, show a "minineglect" (rightward bias) in line bisection (Thiel & Sireteanu, 2009 ) but no significant bias in numerical bisection (Mohr, Mues, Robol, & Sireteanu, 2010) . Whether a similar dissociation exists in totally blind individuals is therefore an empirical question.
Experiment 1

Method Participants
Fourteen totally blind subjects (8 males), with a mean age of 36.4 years (SD = 7.4; age range = 23-48, years of education = 14.4, SD = 3.10), took part in the experiment. In no participant was blindness associated with a central neural disorder. Participants were all congenitally blind and were all proficient Braille readers (see Table 1 for details). All participants were right-handed as assessed by the Edinburgh Handedness Inventory (Oldfield, 1971) . Table 1 Characteristics of the 18 blind participants who took part in Experiment 1 (N = 14) and Experiment 2 (N = 10)
Sex Age Education (years) Job Activity
Blindness Aetiology Onset All participants were proficient Braille readers. Participants had no light perception unless specified.
Stimuli and procedure
The experimental task was adapted from a previous study by Göbel et al. (2006) . Participants were presented aurally with 50 different pairs of three-digit numbers, in ascending order, from "117-166" to "959-984." Each pair of three-digit numbers had the same hundreds digit. The numerical distance between each number pair was either 16, 25, 36, 49, or 64 . The smaller number was always presented first (see also Göbel et al., 2006; Mohr et al., 2010) . Each number pair was used only once for each participant. The number pair stimuli, recorded as a single sound file, were spoken by a female Italian voice. The duration of each sound file was 3.5 s. The verbal stimuli were presented by a computer positioned exactly in front of the participants and aligned with their body's midline. Participants had received instructions to judge and orally report the numerical midpoint of the number pair immediately after the presentation of each stimulus, without calculating. A 3-s time limit was imposed, in order to prevent participants from calculating the middle value. The end of the 3-s response period was signalled with a beep. Responses made after the 3-s period or falling outside the given numerical interval were excluded from statistical analyses. E-Prime (Psychology Software Tools, Pittsburgh, PA) was used to present the stimuli. A series of 10 trials were carried out for each of the five numerical intervals, for a total of 50 trials. Five practice trials were given before starting the experiment. Participants received no feedback as to their performance. The entire experiment lasted approximately 30 min.
Results
A total of two trials (corresponding to the 0.29% of the total number of trials) were excluded for responses given after 3 s. The participants' responses were analyzed in terms of how much their judgments of the numerical midpoint of the number pair deviated from the actual midpoint. Deviations from the veridical midpoint were computed by subtracting half of the true size of the numerical interval from the interval between the first given number of the pair and the participant's estimated midpoint (see Göbel et al., 2006; Mohr et al., 2010) . This scoring method yields a positive score if the participant's response is to the right of the objective midpoint (in this paradigm, a number greater than the objective centre) and a negative score if the response is to the left of it (a number smaller than the objective centre). Figure 1 shows the participants' mean error as a function of the interval size. A one-sample t test was first carried out comparing the mean bisection error with the null set (zero-that is, the true midpoint). The test was significant, t(13) = 2.31, p = .038, indicating that, overall, blind participants tended to bisect to the left of the veridical midpoint (M = 1.07 digits, SD = 1.74).
Fig. 1
Participants' mean number bisection error (in digits) for each numerical interval size (16, 25, 36, 49, or 64) in Experiment 1, in which numerical intervals were presented in ascending order only (N = 14). Error bars depict ±SEMs A one-way repeated measures ANOVA with Size of the Numerical Interval (16, 25, 36, 49, or 64) as a withinsubjects factor revealed a significant effect of interval size on numerical bisection, F(4, 52) = 2.69, p = .041. Post-hoc t tests (Bonferroni correction applied) did not show any significant difference between any possible pair of intervals; however, the mean bias tended to increase as a function of interval size (see Fig.  1 ) for intervals 16, 25, 36, and 49, whereas it decreased for the largest interval (64), replicating previous findings (Göbel et al., 2006) .
Experiment 2
In some of the available studies on numerical bisection, numbers were presented in ascending order only (see Göbel et al., 2006; Mohr et al., 2010) . In fact, whereas the order of presentation of the numbers seems not to affect the direction of the bisection bias (Doricchi, Guariglia, Gasparini, & Tomaiuolo, 2005; Longo & Lourenco, 2007; Pia et al., 2009) , presenting numbers in ascending versus descending order may modulate the magnitude of the bisection bias, with the leftward bias being larger for numbers presented in descending order (see Loftus et al., 2009; Longo & Lourenco, 2007) . To verify whether this is also the case for blind individuals, we carried out a second experiment in which a group of blind participants underwent the same task as in Experiment 1, but with numerical pairs presented in both ascending and descending order. A group of blindfolded sighted participants were also tested; whereas bisection for the same ascending intervals used in Experiment 1 was tested in sighted individuals by Göbel et al. (2006) and Cattaneo, Fantino, Silvanto, Vallar, and Vecchi (2011) , sighted individuals' performance for descendingorder presentation had not been tested before using these intervals.
Method Participants
A total of 10 blind participants (5 male; mean age = 42.3 years, SD = 10.3; age range = 27-59, years of education = 14.3, SD = 2.7) took part in Experiment 2. In no participant was blindness associated with a central neural disorder. Participants were all congenitally blind and were all proficient Braille readers (see Table 1 for details). Six participants had already taken part in Experiment 1. A group of 10 sighted participants (5 male), comparable to the blind group in age (mean age = 41.9, SD = 9.6; age range = 28-56) and education (years of education = 14.1, SD = 2.2), were tested as controls. All of the blind and sighted participants were right-handed as assessed by the Edinburgh Handedness Inventory (Oldfield, 1971 ).
Stimuli and procedure
The stimuli and procedure were identical to those used in Experiment 1. However, the numbers pairs were randomly presented in both ascending and descending order. For each interval size, there were two trials for ascending order and two trials for descending order. Sighted participants were blindfolded throughout the entire experiment.
Results
Data were analysed as in Experiment 1. In the blind group, a total of three trials (corresponding to 1.67% of the total number of trials) were excluded for responses given after 3 s. No trials were excluded in the sighted group. Figure 2 shows the participants' mean errors as a function of the interval size and of ascending and descending order. A one-sample t test was first carried out comparing the mean bisection error in each group for the two orders with the null set (zero-that is, the true midpoint). In the blind group, the test was significant for both ascending (mean leftward bias = 0.67 digits, SD = 0.88), t(9) = 2.40, p = .040, and descending order (mean leftward bias = 2.39 digits, SD = 1.47), t(9) = 5.14, p = .001, indicating that, overall, blind participants tended to bisect to the left of the veridical midpoint, regardless of the order in which numerical pairs were presented. In the sighted group, the same pattern was reported for the ascending order (mean leftward bias = 1.22 digits, SD = 1.60), t(9) = 2.43, p = .038, and the descending order (mean leftward bias = 2.30 digits, SD = 1.98), t(9) = 3.67, p = .005. (16, 25, 36, 49, or 64) and Order as withinsubjects factors and Group as a between-subjects factor revealed a significant effect of order, F(1, 18) = 8.85, p = .008, whereas neither the effect of interval size (p = .48), nor the effect of group (p = .65) was significant. A significant Order x Interval Size interaction was reported, F(4, 72) = 4.70, p = .002; no other interactions were significant. The significant effect of order was due to the leftward bisection bias being overall larger when numbers were presented in descending rather than ascending order. As shown by Fig.  2 , the significant interaction between order and interval size was due to the magnitude of the leftward bias in the descending-order condition increasing proportionally with increases in the interval size, Pearson's r(100) = .322, p = .001, whereas this was not the case in the ascending-order condition, Pearson's r(100) = .12, p = .23. The lack of an overall significant correlation in the ascending-order condition between the size of the numerical interval and the magnitude of the leftward bias was due to participants' leftward bias reversing to a rightward bias in the interval-64 condition (resembling the pattern of results of Experiment 1; see also Göbel et al., 2006 , for a similar finding).
In order to further investigate this phenomenon, standard deviations (i.e., a measure of individual response variability; see Chieffi, Iavarone, & Carlomagno, 2008) were analysed and subjected to an ANOVA with Numerical Interval Size and Order of Presentation as within-subjects factors and Group as a betweensubjects factor (see Cattaneo et al., 2011; Cattaneo et al., in press; Chieffi et al., 2008 , for a similar analysis). The analysis revealed a significant effect of interval size, F(4, 72) = 7.42, p < .001, indicating that response variability increased linearly with increases in the numerical interval size; the mean variable error was 2.14 for interval 16, 2.65 for interval 25, 3.55 for interval 36, 4.59 for interval 49, and 4.61 for interval 64.
Neither the main effect of order (p = .70) nor the effect of group (p = .41) was significant. None of the interactions were significant.
General discussion
Congenitally blind individuals were asked to verbally indicate the midpoint of a series of numerical intervals, with the intervals presented either in ascending order (Experiment 1) or in both ascending and descending order (Experiment 2). Blind individuals consistently showed a leftward bias in bisecting numerical intervals, with the magnitude of the leftward bias being comparable to that reported in a matched group of blindfolded sighted participants (Experiment 2). Notably, in both blind and sighted participants, the directional bias was constant (i.e., to the left), regardless of the order (ascending or descending) in which the numerical pairs were presented (see Loftus et al., 2009; Longo & Lourenco, 2007; Pia et al., 2009 ).
When the numbers were presented in descending order, the leftward bias was larger overall in both blind and sighted participants, in line with previous evidence (Loftus et al., 2009; Longo & Lourenco, 2007) . Memory-related recency effects (which may have affected the second number if that was used as a reference, enhancing the bias toward the smaller number in the descending-order condition) are unlikely to have played a role, since previous studies (Loftus et al., 2009; Longo & Lourenco, 2007) found the same effect when the two numbers were simultaneously presented. To account for the greater bias in the descending-order condition, Longo and Lourenco hypothesised that participants may mentally shift the smaller number to the left of the larger one before estimating the midpoint. Such a leftward shift may move attention farther to the left, enhancing the leftward bias. This explanation may also account for the results of our study.
When bisecting ascending intervals, both blind and sighted participants showed a diminished leftward bias (which even turned into a rightward bias in Experiment 2) for the largest interval (64), replicating the result of Göbel et al. (2006) with sighted individuals (see also Cattaneo et al., 2011) . This was not the case when bisecting descending intervals: In this condition, the leftward bias became larger as the numerical magnitude increased, being the largest for the interval 64. The consequence of this was that the overall leftward bias was larger in the descending-than in the ascending-order condition. In one previous study (Cattaneo et al., 2011) , in which the same numbers were presented in ascending order only, we hypothesized that such a "crossover effect" depended on response variability (reflecting higher response uncertainty) being the highest in the condition with the largest interval, thus resulting in a less consistent directional bias. However, in the present study, response variabilities for the largest interval were comparable in the ascending-and descending-order conditions; if response variability played a critical role in reversing the direction of the bias for the largest interval, the same effect should have been observed in the descending-order condition, whereas this was not the case. Göbel et al. suggested that the reverse bias observed in bisecting the largest interval (64) may reflect the same mechanisms underlying the effect found by Werth and Poppel (1988) in bisection of imagined lines in healthy participants-that is, a leftward bias for short imagined lines and a rightward bias for long lines (note, however, that this effect has not been consistently replicated in physical line bisection; see Halligan & Marshall, 1988; McCourt & Jewell, 1999) . In fact, the effect we reported may be interpreted as a sort of "reverse crossover effect," where the crossover effect is a phenomenon usually observed in physical line bisection, according to which neurologically normal individuals tend to err slightly towards the right and neglect patients slightly towards the left when bisecting very short lines (~2 cm), thus showing the opposite directional bias, as compared to when bisecting longer lines (~20 cm) (e.g., Monaghan & Shillcock, 1998 , for a review). It has been suggested that this crossover results from the interplay of biases in attentional orientation and magnitude estimation (e.g., Ishiai et al., 2004; Mennemeier et al., 2005) . For instance, Ishiai et al. reported that neglect patients tended to generate mental images of visually presented short lines (e.g., 25 mm) that were actually longer than their physical length, with a "representational" overextension to the left side. When asked to indicate the midpoint of these imagined lines, patients with neglect placed the subjective midpoint to the right of the centre of the stimulus line for the longer lines (e.g., 100 and 200 mm), and to the left for the 25-mm lines. However, the leftward bias in bisecting the shortest lines disappeared when the displacement of the subjective midpoint was measured from the centre of the representational line image (Ishiai et al., 2004) . Accordingly, it may be that in our experiment the rightward half of the ascending numerical intervals was somehow overrepresented, so that the rightward bias observed for the largest size (64) was in fact a leftward bias, assuming that the centre of the represented interval was shifted to the right of the true midline. However, such an explanation remains speculative, and further experimental evidence needs to be collected before any firm conclusions can be drawn.
We have previously demonstrated (Cattaneo et al., in press; Cattaneo et al., 2010 ) that congenitally blind individuals tend to err leftward when haptically bisecting physical rods (see also Bradshaw et al., 1986; Coudereau et al., 2006; Sampaio et al., 1995) , thus exhibiting pseudoneglect (Jewell & McCourt, 2000) . In sighted participants, the magnitude of the leftward bias in numerical bisection was found to correlate significantly with the magnitude of the leftward bias in physical line bisection (Longo & Lourenco, 2007) . All of the blind participants who took part in Experiment 1 had also been tested in a previous study investigating the existence of representational biases in the vertical, radial, and horizontal planes using a haptic line bisection task (Cattaneo et al., in press ). We can thus verify whether the magnitude of the leftward bias correlates between horizontal line bisection and numerical bisection (collapsing across the different interval sizes and line lengths), as seems to be the case in sighted participants (Longo & Lourenco, 2007) . Although the correlation was not significant [Spearman r(14) = .39, p = .17], when dividingaccording to Longo and Lourenco's procedure-the blind participants into "high" and "low" pseudoneglect subgroups on the basis of a median split on their performance on the physical line bisection task (as reported in Cattaneo et al., in press ), the leftward bias in bisecting numerical intervals turned out to be greater in the high (M = 1.67 digits) than in the low (M = 0.48 digits) pseudoneglect subgroup (although, again, the difference failed to reach significance, p = .22).
The leftward bias reported in line and numerical bisection may depend on a right-hemisphere dominance in spatial processing, resulting in an overestimation of the left portion of the external space (Kinsbourne, 1970) . Blindness does not seem to prevent such hemispheric asymmetry, according to previous studies that have reported a left-field/right-hemisphere superiority in auditory localisation (Gougoux, Zatorre, Lassonde, Voss, & Lepore, 2005; Voss et al., 2004; Weeks et al., 2000) . The fact that such asymmetry is evident in the blind when bisecting numerical intervals, where no perceptual exploratory mechanisms are involved, corroborates the previous evidence that the overestimation of the left side of the mental number line is unaffected by the manipulation of perceptual features of the stimuli, such as the spatial position of the presented numbers or their temporal order of appearance (Loftus et al., 2009 ). This indicates that pseudoneglect depends on asymmetries in the mental representation of the stimuli rather than being perceptually based (see also Bisiach & Luzzatti, 1978 , for the first evidence of the representational nature of neglect symptoms). Moreover, these findings critically support the view that numbers are represented in the form of a mental number line in blind individuals (Castronovo & Seron, 2007) .
Our results may appear to be at odds with previous evidence from amblyopic individuals who showed a rightward bias ("minineglect") when bisecting physical lines (Thiel & Sireteanu, 2009 ) and no consistent directional bias when bisecting numerical intervals (Mohr et al., 2010) . It was suggested (see Mohr et al., 2010) that the pattern of performance of amblyopic individuals in bisection tasks may depend on a different organization of the dorsal visual pathway (i.e., the cortical stream that projects from early visual areas to the posterior parietal cortex, and that is involved in space perception and action control; see Milner & Goodale, 1992) Collignon, Voss, Lassonde, & Lepore, 2009 ). In light of this result, the findings of similar biases in both line and numerical bisection in blind and sighed individuals may be less surprising. Moreover, this adds to behavioural evidence suggesting that the complete lack of vision may be less detrimental for the development of specific representational mechanisms than is monocular blindness (see Cattaneo, Merabet, Bhatt, & Vecchi, 2008; Vecchi et al., 2006 ).
We did not find any evidence for a dissociation of blind individuals' performance in numerical bisection and line bisection (Cattaneo et al., in press; Cattaneo et al., 2010) . Therefore, our data do not clarify the nature of the dissociation between numerical and line bisection tasks previously reported in a group of right-braindamaged patients (Doricchi et al., 2005) . In particular, it has been hypothesised that numerical bisection involves more frontal cortical circuits (mediating working memory processes), whereas line bisection mainly relies on parietal circuits (Doricchi et al., 2005) . It is worth noting that haptic line bisection in the blind (but also haptic bisection in sighted individuals) may require working memory processes to a greater extent than visual bisection does; this is because the line extent needs to be sequentially acquired, requiring a continuous updating of the corresponding mental image generated in memory (see Cattaneo et al., in press; Cattaneo et al., 2010) . Conversely, a visual line is simultaneously available in all of its extent and does not need to be maintained in memory.
Overall, our data suggest that congenitally blind individuals represent numbers in a spatial format and that they tend to overestimate the left portion of this mental representation, as neurologically intact sighted individuals usually do, possibly reflecting hemispheric asymmetry in spatial processing (Kinsbourne, 1970) .
